Abstract-In this study, the feed rate optimization model based on a Markov Decision Process (MDP) was introduced for spiral drilling process. Firstly, the experimental data on spiral drilling was taken from literature for different axial force parameters and with various feed rate decisions made, having the length of a hole being drilled as a reward. Proposed optimization model was computed using value iteration method. Secondly, the results of computations were displayed for optimal decision to be made on each state. Proposed decisions for an optimal feed rate could be utilized in order to improve the efficiency of spiral drilling process in terms of cost and time.
I. INTRODUCTION
Spiral drilling is a process that produces straight holes with the ratio of hole depth to hole diameter less than ten. Nowadays spiral drilling has lots of applications in automotive, aeronautics, hydraulic, petrochemical and oil & gas industries. As an illustration, automotive industries are performing drilling process in order to manufacture various types of engine parts. Perforating a number of holes in an engine parts requires precise choice of the feed rates in order to maintain stability of the drill bit.
Depending upon different feed rates the axial force is subjected to changes, which itself tends to the variation of the cutting speed. It is said that the cutting speed has an influence on the length of the hole being drilled [1] . In other words, even slight changes in feed rates cause significant changes on the length of the drilled hole. This paper aims to present an optimal feed rate choice policy for spiral drilling system using MDP [2, 3] . The data required for the MDP model include axial force values and number of feed rates corresponding to each this value, length of the hole drilled for each of the feed rate value, corresponding transition probabilities [1] . Depending upon certain axial force value a feed rate is to be chosen for drilling hole with maximum possible length.
II. CASE STUDY ON SPIRAL DRILLING
Spiral Drilling of holes in an automotive engine parts require getting sufficient quality of holes in terms of surface finish and straightness. The spiral drilling system is required to be time consumable to increase productivity of the work. To meet these requirements for quality and productivity the system is proposed to have adaptive feed rate choice policy using MDP to identify any significant change in the tool parameters and proceed with the most optimal parameter. At the time when changes in axial force identified, the system is set to make immediate and optimal action for the feed rate. The data required for the MDP model of transformers was taken from experimental results for spiral drilling using a number of different tryouts [1] . For each set of the axial force values there are five sets of different feed rates along with final length of the hole being drilled for each of these chosen parameters. Axial force values are set as conditions for given problem, so there are ten conditions for description of the axial force in total:
. For each of the axial force parameter there are five different feed rates, which are considered as set of actions: .
For each of the parameter chosen for feed rate in particular axial force value there is a result which expressed as a length of the drilled hole. This result is considered as a reward for given problem:
. The data for MDP model is presented in Table 1 . The MDP model based on data shown in Table 1 is solved using backward induction algorithm. This method is applied in order to determine which decision to make in every state in each drilled hole of a ten holes to be drilled planning horizon so that the vector of expected total rewards is maximized.
Optimal policy for a finite horizon is defined as which maximizes the vector of expected total rewards received until the end of the horizon. An optimal policy can be found by utilizing a value iteration method.
For the present case study the value iteration equations are:
, for for , and . Firstly, following values are specified for all states at the end of the hole number 10:
Since the value iteration is a form of dynamic programming, the calculations for each epoch is displayed in a tabular format.
The calculations for 9th hole are shown in Table 2. for . At the end of hole 9, where n=9, the optimal decision is to select the maximum reward in each state. Consequently, the decision vector is computed as d(9)=[2 2 2 1 2 2 2 1 2 2] T . The calculations for 8th hole are shown in Table 3 .
At the end of hole 8, where n=8, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d (8) The calculations for 7th hole are shown in Table 4 .
At the end of hole 7, where n=7, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d(7)=[2 2 2 2 2 2 2 2 2 2] T . The calculations for 6th hole are shown in Table 5 .
At the end of hole 6, where n=6, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d(6)=[2 2 2 2 2 2 2 2 2 2] T . The calculations for 5th hole are shown in Table 6 .
At the end of hole 5, where n=5, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d(5)=[2 2 2 2 2 2 2 2 2 2] T . The calculations for 4th hole are shown in Table 7 .
At the end of hole 4, where n=4, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d (4)=[2 2 2 2 2 2 2 2 2 2] T . The calculations for 3rd hole are shown in Table 8 .
At the end of hole 3, where n=3, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d(3)=[2 2 2 2 2 2 2 2 2 2] T . The calculations for 2nd hole are shown in Table 9 .
At the end of hole 2, where n=2, the optimal decision is to select the second alternative in each state.
Consequently, the decision vector is computed as d (2) Finally, the calculations for hole 0 are indicated in Table 11 .
At the end of hole 0, which is the beginning of hole 1, the optimal decision is to select the second alternative in each state. Consequently, the decision vector is computed as d(0)=[2 2 2 2 2 2 2 2 2 2] T . Based on axial force value conditions the optimal decisions for feed rate could be chosen from Table   13 . For each state of axial force there exists a specific optimal feed rate value, which would lead to higher reward than other feed rate values. General trend seem that the feed rate increases with the increase of axial force value. However, if all possible decisions for one state could be compared and examined, it can be seen that the optimal ones will not be the highest or the lowest values, but rather feed rate values close to the middle range. This is due to the fact that the lower feeds provides lower cutting speed, which seem to increase the total life of the tool, but appear to decrease the length of the hole being drilled for particular amount of time. In the other hand, higher feeds are likely to be more inefficient in terms of hole length because the drills operating on high speeds are subjected to excessive wear. The worn out tools could not have the same cutting speed, even when operating at higher speeds.
To summarize, the optimal feed rate decisions for each axial force value during drilling deep holes are computed and presented in the given case study.
IV. CONCLUSION
Engineers working in the manufacturing area could adopt more effective ways for feed rate policies in spiral drilling. For instance, spiral drilling requires most optimal choice of the feed rate depending upon the hardness of the material and geometry of the tool. In other words, even slight deviations in the feed rate can cause deviation of the hole straightness or even breakage of the tool inside of a hole, which will lead to the wastage of the workpiece. In addition, slight deviations in the feed rate could cause the failure of the tool, which will waste the time spent for drilling. In this paper, the feed rate optimization model based on a MDP was introduced for spiral drilling process. In particular, the experimental data on drilling was implemented for 10 states of axial force parameters with 5 feed rate decisions made in each of the states, having the length of a hole being drilled as a reward. Proposed optimization model was computed using value iteration method for 10 holes planning horizon.
Furthermore, the results of computations were displayed as tables for optimal decision as well as the expected total reward in each state. In conclusion, adaptive choice of the feed rates based on MDP model is claimed to improve the efficiency of the spiral drilling in terms of cost and time.
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